Background: Restitution is a method for maintaining and repairing the intestinal epithelial barrier. Results: CXCL12 stimulated E-cadherin relocalization and improved barrier function in the reparative epithelium. Conclusion: E-cadherin plays an important role in basal and CXCL12-induced restitution. Significance: Understanding how cell-cell adhesion is regulated during sheet migration is crucial to enhancing treatment of gut barrier defects.
The human intestine is lined by a layer of highly polarized, continuously renewing, and actively migrating epithelial cells. Intestinal epithelial cells comprise a physical and ion-selective barrier separating the lumen from the submucosa. This barrier is established through a series of protein interactions between neighboring cells. The sites of interactions are localized at the tight junctions and the adherens junction (1) . The adherens junction results primarily from homotypic interactions between the E-cadherin transmembrane proteins of adjacent cells. E-cadherin is, in turn, linked to the actin cytoskeleton through a series of adaptor proteins (2, 3) . Importantly, the adherens junction plays a key regulatory role in barrier integrity through its temporal and spatial coordination of the tight junction (2) (3) (4) (5) . Genetic analyses indicate the accumulation of varying mutations within the CDH1 gene encoding E-cadherin in humans with ulcerative colitis or celiac disease (6 -9) , a defect that is correlated with increased intestinal permeability in those patients. Further, Crohn's disease patients and unaffected family members have increased intestinal permeability that reflects defects in the epithelial barrier, including altered junctional protein expression (10 -12) .
The epithelium receives a barrage of luminal and mucosal insults, both physical and chemical, that result in damage. Loss of barrier function because of injury is inherently followed by resealing of the epithelium. The initial step in injury repair occurs through a rapid migration response of the epithelial sheet. This process, termed restitution, occurs independently of proliferation and minimizes entry of potentially dangerous stimuli (13, 14) . Results from cell culture and mouse models indicate that the constitutive migration response, which we term basal restitution, can be inducibly regulated and enhanced by several effectors of the mucosal immune response. Thus, TGF-␤1, EGF, members of the trefoil factor family, and chemokines stimulate restitution (14 -18) . Recent work from our laboratory has revealed that although inducible effectors of restitution increase epithelial cell migration, the mechanisms whereby they elicit this response are distinct (19 -21) . Sheet migration characteristic of epithelial restitution is typical of tissue development and angiogenesis and is distinct from migration of fibroblasts and leukocytes in that epithelial cells maintain cell-to-cell contacts (22) (23) (24) . Thus, in restitution, collective sheet migration involves maintenance of the intraepithelial junctions to minimize the space between cells in coordination with active migration. The cellular and molecular mechanisms orchestrating junctional stability in the dynamic epithelial monolayer during basal and inducible restitution remain complex and poorly understood.
We have demonstrated previously that the chemokine CXCL12 increases the velocity and magnitude of barrier formation as well as epithelial cell migration (18, 19) . With this report we have discovered that restitution is an E-cadherin-dependent process. Further, cytokine stimuli differed in their ability to seal the barrier and improve function, with CXCL12 superior to TGF-␤1 in directing the localization of E-cadherin to the lateral membranes between migrating cells. Chemokine-directed E-cadherin relocalization was via Rho-associated protein kinase (ROCK 2 )-dependent F-actin reorganization. These studies resulted in a model in which immune effectors function as redundant systems to seal epithelial barrier injuries. The potential for pharmacological intervention to increase E-cadherin localization would be expected to increase tightening and improve mucosal barrier integrity.
EXPERIMENTAL PROCEDURES
Materials-Recombinant human CXCL12, EGF, TGF-␤1, and purified mouse monoclonal IgG 2B were purchased from R&D Systems (Minneapolis, MN). Src family kinase inhibitor PP2, ROCK inhibitor Y27632, the G␣i inhibitor pertussis toxin (PTx) and actin polymerization inhibitor cytochalasin D (CytoD) were purchased from EMD Calbiochem (San Diego, CA). Murine monoclonal E-cadherin and N-cadherin antibodies were purchased from BD Biosciences. AMD3100, secondary goat anti-mouse polyclonal Alexa Fluor 488, and Alexa Fluor 594-conjugated wheat germ agglutinin were from Sigma. Alexa Fluor 568 phalloidin was obtained from Invitrogen.
Wound Assay-Non-transformed normal rat small intestinal IEC-6 cells (CRL-1592) and human Caco2 BBE intestinal carcinoma cells were cultured as detailed previously (18, 21) . Confluent IEC-6 cell monolayers grown in 60-mm dishes were serum-starved for 24 -48 h. Cells were pretreated for 30 min with 2 mM EGTA at 37°C. Cells were wounded with a sterile razor blade and incubated for 20 h with titrated concentrations of EGTA at 37°C in 10% CO 2 for calcium depletion assays. In separate experiments, IEC-6 cells were pretreated for 30 min with titrated concentrations of the Src inhibitor PP2 or CytoD before wounding and stimulation with cytokines. Images were obtained (Nikon Eclipse TE2000-U) at ϫ100 magnification, and the number of migrated cells was enumerated by counting nucleated cells that crossed the wound edge. The area of the intercellular space between cells was quantified with MetaMorph software (Molecular Devices, Sunnyvale, CA).
Polarized Caco2 BBE cells were grown to confluence and maintained as monolayers in 12-well transwell inserts (pore size 0.4 m, Corning, Danvers, MA). After 19 -21 days, monolayers were serum-starved for 24 h and wounded with a 0.1-to 10-l plastic pipette tip (USA Scientific, Ocala, FL) connected to a benchtop vacuum aspirator as defined previously (19) . Injured polarized epithelia were stimulated daily with serumfree medium containing CXCL12 (20 ng/ml) or TGF-␤1 (5 ng/ml). Photomicrographs of the circular wounds were taken daily using an inverted Nikon Eclipse TE2000-U microscope, and the area of each wound was defined using MetaMorph. In parallel, transepithelial resistance (⍀cm 2 ) was assessed using a 12-well, 12-mm Endohm voltmeter (World Precision Instruments, Sarasota, FL).
Immunofluorescence-To define the paracellular space, IEC-6 cells were grown to 100% confluence on glass eight-well chamber slides (LabTek, Scotts Valley, CA) and serum-starved for 24 -48 h. Cells were wounded with a sterile razor blade purchased from OLFA (Rosemont, IL), rinsed with PBS, and stimulated with CXCL12, TGF-␤1, or 50 ng/ml EGF in serumfree medium. Twenty hours after wounding, cells were fixed with 1% (w/v) paraformaldehyde and stained for 10 min with 5 g/ml of Alexa Fluor 594 wheat germ agglutinin. In separate experiments, cells were pretreated with AMD3100 (5 g/ml) or Y27632 (10 M) for 30 min prior to wounding and stimulation.
To define localization of E-cadherin or F-actin, confluent IEC-6 cells were serum-starved and wounded with a sterile razor, rinsed with PBS, and treated with CXCL12 and TGF-␤1. In separate experiments, cells were pretreated with PTx (100 ng/ml), CytoD (30 nM), or Y27632 for 30 min prior to wounding. Wounded IEC-6 cells were fixed with 1% (w/v) paraformaldehyde at 4, 8, and 16 h after wounding. Cells were blocked with 5% (w/v) BSA in PBS with 0.3% (v/v) Triton X-100 for 1 h. Cells were incubated with primary antibodies overnight at 4°C, washed, and incubated with the appropriate secondary antibody for 2 h at room temperature.
Images were obtained using a fluorescence microscope (Nikon Eclipse) at ϫ600 magnification. The space between migrating cells was quantified using MetaMorph image analysis software. Relative intensity of E-cadherin immunofluorescence was determined by a line scan from the nucleus of the leading migrating cell to the nucleus of the following cell. The cell-cell membrane was then aligned in the center of a 50-pixel total length line. To obtain the relative intensity at the cell wound edge, the 50-pixel line scan was repeated and aligned from the nucleus of the leading migrating cell into the adjacent denuded space.
Immunoblot Analysis-Serum-starved IEC-6 cells were treated with CXCL12 or TGF-␤1. To inhibit the Src family of kinases, cells were pretreated for 30 min with 1 M PP2 at 37°C before being injured. Cells were separately pretreated with PTx, CytoD, or Y27632 to inhibit G␣i, actin polymerization, or ROCK signaling, respectively. Wounded IEC-6 cell monolayers were microdissected using an inverted microscope (Nikon Eclipse TS100) at ϫ100 into stationary and migratory subcell populations with a cell scraper. Cells located beyond the wound edge, as premarked on the tissue culture dish, were defined as migratory populations. Stationary populations were defined as cells located at least 10 mm away from the wound. Cells were lysed with modified radioimmune precipitation assay lysis buffer and protein levels determined as defined previously (21) . Equal protein levels were size-separated using reducing SDS-PAGE and electrophoretically transferred to PVDF membranes. E-cadherin was detected using specific mouse monoclonal antibody. Proteins were visualized with appropriate HRP-conjugated secondary antibodies and SuperSignal West Pico chemiluminescence substrate (Pierce).
E-cadherin
Knockdown-E-cadherin shRNA was generated using the Lentilox3.7 system (Addgene, Cambridge, MA) as described recently (21) . E-cadherin protein levels were assessed using immunoblot analysis and immunofluorescence microscopy. For wounding assays, confluent E-cadherin-depleted Caco2 BBE cells were serum-starved, injured with a sterile razor, and treated with serum-free medium or CXCL12 or TGF-␤1.
Experimental Animals-Mutant mice in which exons 6 -10 of the E-cadherin gene (CDH1) were flanked by loxP recognition elements (CDH1 flox/flox or CDH1 flox/ϩ ) were genotyped as described previously (25) . CDH1 flox/flox mice were crossed with heterozygous mice expressing the Cre transgene under the transcriptional control of the mouse villin promoter (26) . Hematoxylin and eosin staining was performed on 4-m sections from paraffin-embedded tissue as described previously (27, 28) .
In Vivo Confocal Microscopy-Experimental mice were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and xylazine (25 mg/kg). A midline laparotomy exposed a 5-cm loop of intestinal jejunum that was cannulated at the proximal and distal ends with silicone tubing of 0.8 mm internal diameter. Hanks' balanced salt solution (Invitrogen) was warmed to 37°C and perfused through the jejunal loop at 0.5 ml/min for 10 min using a peristaltic pump (model EP-1, BioRad). Acriflavine at 0.05% (w/v) in Hanks' balanced salt solution was perfused through the intestine at 37°C in a recirculating manner. Input was via the proximal tube and output via the distal tube at a rate of 1 ml/min for 30 min. A 1-cm jejunal loop was exteriorized and opened longitudinally on the antimesenteric border. The luminal surface of the loop was placed, lumen side down, on a glass-bottom 35-mm culture dish (MatTek Corp., Ashland, MA) and imaged using a two-photon laser confocal microscope (Zeiss LSM 510 META NLO) with a visible and multiphoton laser and outfitted with an XL3 incubator chamber for a controlled environment. Individual cells were exposed to 6-s bursts of the Chameleon Ultra II Ti sapphire laser at 800 nm to reproducibly create 12-m wounds. Each exteriorized intestine was injured three to five times over a 3-h period. Sheet migration after wounding was followed by time series imaging at 1-min intervals using 488-nm excitation.
Statistical Analyses-Differences between varying stimuli were analyzed using an unpaired Student's t test (SigmaStat, Jandel Scientific Software, San Rafael, CA). Multiple comparisons between groups were analyzed using a two-way analysis of variance with a Bonferroni post hoc test to identify pair-wise differences (GraphPad Prism 4, La Jolla, CA). Statistical significance was set at p Յ 0.05.
RESULTS

E-cadherin Is Required for Intestinal Epithelial Wound
Healing-To ascertain the role for E-cadherin in intestinal epithelial restitution, we first examined mice with the targeted deletion of E-cadherin in the cells of the murine intestinal epithelium. We noted an increase in crypt branching within small intestines of mice with the heterozygous deletion of E-cadherin ( Fig. 1, A and B) compared with control mice lacking Cre expression (C and D). In vivo two-photon confocal microscopy was therefore used next to monitor restitution of laserwounded epithelium in real time (29, 30) . The expulsion of wounded enterocytes from heterozygous E-cadherin knockout . Small intestine sections were stained with hematoxylin and eosin stain. Enumeration of the number of crypt branches revealed that control mice with intact E-cadherin expression had 1.01 Ϯ 0.41 branches per 100 crypts CDH1 flox/flox . In contrast, Cre-expressing CDH1 flox/ϩ mice had a significant (p ϭ 0.036) increase in malformed crypts, with 3.11 Ϯ 0.61 branches per 100 crypts. Images are representative of three to four individual mice. The rightmost panels in A and B are a higher magnification (ϫ400) of the dotted box region in the left-hand panels (ϫ100). C, increased shedding of damaged epithelium in conditional E-cadherin-deficient mice. Laser-injured enterocytes were increasingly shed into the bowel lumen of CDH1 flox/ϩ villin-Cre mice compared with control (CDH1 flox/flox ) animals. The small intestine epithelium (E) stained with acriflavin was wounded using a two-photon photobleach (the wound is denoted with a white arrow). Images of damaged epithelium were taken every 1 min for 40 min as wounded cells detached from the mucosal lamina propria (M) into the lumen (L). Images were taken at ϫ400. Images are representative of three to four mice. D, quantification of damaged cell shedding from the epithelium after wounding. Values are mean Ϯ S.E. of three to four experiments. **, p Ն 0.01. mice was significantly faster than that of control mice (Fig. 1, E and F). These data suggest that enterocyte migration was increased or that cellular adhesiveness was diminished in E-cadherin knockout epithelium.
To determine the potential role for E-cadherin in collective sheet migration, a standard calcium chelation assay was employed next. Chelation of extracellular calcium induces retraction of calcium-dependent E-cadherin from the cell membrane and, hence, disrupts epithelial cell-cell adhesion (31) . IEC-6 cells were pretreated with 2 mM EGTA to reduce extracellular calcium levels to ϳ0.54 M and were injured with a sterile razor. Restitution of injured monolayers was monitored in cells incubated with titrated concentrations of EGTA and compared with cells without pretreatment (supplemental Fig. 1 , A-C). Consistent with a role for E-cadherin in epithelial restitution, the number of migrating cells was dose-dependently decreased as EGTA levels increased (supplemental Figs.  1, A and B) . Similarly, the space between cells was also increased with EGTA treatment (supplemental Fig. 1C ). Indeed, the increased expulsion of E-cadherin knockout enterocytes in vivo ( Fig. 1E ) was mirrored in vitro by the appearance of phase bright cells detaching from the wound edge of IEC-6 monolayers (supplemental Fig. 1 ).
Taking advantage of human-specific lentiviral shRNA probes, we next moved to Caco2 BBE cells to more closely define the role for E-cadherin in epithelial migration and barrier functions. Immunoblot analysis indicated nearly 90% knockdown in E-cadherin protein in two separate E-cadherin-depleted human Caco2 BBE colonic epithelial cell lines (Figs. 2, A and B) . Immunofluorescence microscopy confirmed the successful depletion of E-cadherin compared with wild-type, puromycin empty vector, or scramble hairpin-transduced control cells (Fig. 2B) . Adapting the scrape wound assay to human colonic Caco2 BBE cells, we demonstrated that depletion of E-cadherin significantly impaired basal migration compared with control cells (Fig. 2, C and D) . Thus, E-cadherin has an essential role in migration of intestinal epithelia both in vivo and in vitro.
CXCL12 Enhanced Restitution Requires E-cadherin-The roles for CXCL12 (18 -21, 28) , TGF-␤1 (14) , and EGF (17) in inducible restitution are well established. We next tested whether extracellular migration stimulants could rescue E-cadherin knockdown abrogation of wound healing. Caco2 BBE E-cadherin-depleted cells were stimulated with either CXCL12 or TGF-␤1. Interestingly, although TGF-␤1 significantly increased sheet migration within E-cadherin knockdown cells (Figs. 3, B and D) , CXCL12 was unable to increase restitution compared with control cells (A and C). CXCL12 and TGF-␤1 both significantly increased epithelial cell migration in wildtype and scramble-transduced controls (Fig. 3) . These findings suggest CXCL12 and TGF-␤1 utilize distinct mechanisms to drive restitution.
CXCL12 Activation of CXCR4-stimulated Paracellular Space Closure during Restitution-Previous studies in our laboratory have shown that CXCL12 and TGF-␤1 stimulate wound healing via distinct signaling pathways. Trefoil factor family 3 also evokes collective cell migration, whereas EGF-treated cells migrate individually like fibroblasts (32) . Thus, to test the hypothesis that CXCL12 and TGF-␤1 stimulation induce distinct migration phenotypes, the number and area of the space between cells were quantified. Fluorescence microscopy revealed that treatment with CXCL12 significantly decreased the number and size of the paracellular spaces between actively migrating epithelial sheets (Fig. 4) . Interestingly, CXCL12-treated cells exhibited a more robust decrease in the number of uncovered spaces between cells within the monolayer than that of TGF-␤1 (Fig. 4B) . EGF-treated cells migrated with the largest number and size of the uncovered region between cells within the migration sheet (Fig. 4, A-C) . CXCR4 specific antagonist AMD3100 prevented CXCL12-induced changes in the number of uncovered regions between cells without affecting control or TGF-␤1-stimulated effects (Fig. 4D) .
Increased E-cadherin Protein Levels within the Migrating Epithelium-E-cadherin protein levels were assessed in unwounded monolayers stimulated with CXCL12 and TGF-␤1 to determine whether decreased paracellular space is dependent upon E-cadherin-based adherens junction formation during restitution. CXCL12 stimulation did not alter levels of total E-cadherin protein compared with unstimulated cells (Figs. 5, A and B). In contrast, TGF-␤1 stimulation reduced E-cadherin protein within IEC-6 cells in agreement with its known functions (33, 34) . Protein levels were further examined within stationary and migratory cell populations in CXCL12-and TGF-␤1-treated IEC-6 cells. CXCL12 stimulation evoked an increase in E-cadherin protein within the migratory cell population (Fig.  5, C and D) . As noted in unwounded monolayers CXCL12 did not significantly alter the levels of total E-cadherin protein in stationary cells. In marked contrast with the observed decrease in the intercellular space between cells, TGF-␤1 significantly decreased E-cadherin protein levels in both stationary and migratory cells (Fig. 5, E and F) . Further, unlike its effects on E-cadherin or the paracellular space, TGF-␤1was unable to increase expression of N-cadherin (supplemental Fig. 2) .
Increased E-cadherin Localization to the Cell-Cell Membrane during Restitution-Localization of E-cadherin was next analyzed to characterize whether the increase in CXCL12-stimulated E-cadherin protein levels correlate to cell-cell membrane localization and decreased space between cells. Immunofluorescence microscopy demonstrated biphasic E-cadherin localization within unstimulated wounded epithelium (Fig. 6) . CXCL12-stimulated IEC-6 cells consistently exhibited elevated levels of membrane-localized E-cadherin within cells at the leading edge of the migrating epithelial sheet (Fig. 6A) . The absolute peak intensity of E-cadherin in CXCL12-stimulated cells was significantly higher compared with unstimulated cells at 4 and 16 h after wounding (Fig. 6B) . In contrast to CXCL12, there was a significant decrease in E-cadherin localization to the cell-cell membrane within migrating cells treated with TGF-␤1 compared with control cells (supplemental Fig. 3 ).
CXCL12 and TGF-␤1 Differentially Regulate Transepithelial Resistance during Wound Healing-Given the roles for adherens junctions in coordination and maintenance of the tight junctions (2-4), we next asked if CXCL12 and TGF-␤1 evoked parallel changes in wound closure and barrier integrity in model polarized epithelia. As shown in Fig. 7 , A and C, CXCL12 and TGF-␤1 induced comparable purse-string wound closure in Caco2 BBE monolayers. However, CXCL12 treatment mark-edly accelerated barrier restoration, as shown by the significant increase in transepithelial resistance relative to control and TGF-␤1-stimulated cells (Fig. 7B) . These latter data are consistent with the discovery that CXCL12 stimulates increased expression and membrane localization of E-cadherin during restitution. Together, these results suggest that although both signaling factors induce an increase in cell migration, CXCL12-induced restitution additionally enhances paracellular tightening, which is dependent upon expression and localization of E-cadherin. 
Inhibition of Src Kinases Abrogated E-cadherin Localization
and Restitution-Src family kinases are well characterized in the regulation of adherens junction stabilization and maintenance of E-cadherin and ␤-catenin (35, 36) . CXCL12 has also been shown to activate Src in various cell lines (37) (38) (39) (40) . In agreement with those reports, basal and inducible restitution of IEC-6 cells was dose-dependently inhibited by the Src kinase inhibitor PP2 (supplemental Figs. 4, A and B) . Next, pretreatment with 1 M PP2 blocked CXCL12-stimulated membrane localization of E-cadherin (Fig. 8, A-C) . Congruent with those data, we observed that PP2 treatment was associated with increased localization of E-cadherin at the cell membrane in contact with the denuded wound surface (Fig. 8D) . Immunoblot analysis indicated that PP2 treatment of confluent IEC-6 cells did not significantly alter total E-cadherin protein levels (supplemental Fig. 5, A and B) . Our data suggest CXCL12 induced redistribution of E-cadherin to the membranes of actively migrating cells during restitution is dependent upon Src activation.
CXCL12 Stimulated E-cadherin Localization Is Dependent upon ROCK and F-actin-Src not only regulates E-cadherin but has been shown to coordinate F-actin reorganization and plasma membrane protrusions in tandem with RhoA and ROCK (41) (42) (43) . Moreover, within the adherens junction, E-cadherin interaction with the cortical F-actin cytoskeleton plays a significant role in initiation and stabilization of the complex (44 -47). As highlighted in supplemental Fig. 6 , immunofluorescence microscopy revealed the colocalization of E-cadherin and F-actin to the membranes of adjacent cells within the migrating epithelial sheet.
Disruption of F-actin accumulation with CytoD blocked IEC-6 wound healing in a dose-dependent manner (supplemental Fig. 4, C and D) . Using the lowest concentration shown to block migration, we found that 30 nM CytoD inhibited CXCL12-induced accumulation of F-actin and E-cadherin to the cell membrane of migrating cells (Fig. 9) . CytoD did not significantly change protein expression levels of E-cadherin (supplemental Fig. 5, C and D) or alter its localization between stationary cells 10 -20 cells distant from the wound edge (supplemental Fig. 5G ). The increased reorganization of both CXCL12-induced E-cadherin and F-actin was sensitive to PTx (supplemental Fig. 6 ), consistent with our previous findings for CXCR4 signaling (18) . Immunoblot analysis showed that PTx alone had little effect on total E-cadherin protein levels in unwounded monolayers (supplemental Fig. 5, C and D) .
Our previous work has shown that CXCL12-CXCR4 activation led to a ROCK-dependent increase in F-actin accumulation within migrating intestinal epithelial sheets (19) . ROCK inhibition with Y27632 was performed next to determine the downstream effector regulating CXCL12 stimulated F-actin and E-cadherin reorganization. Inhibition of ROCK did not significantly modify overall E-cadherin protein levels (supplemental Fig. 5, E and F) . However, Y27632 prevented CXCL12-stimulated accumulation of E-cadherin and F-actin to the cell membranes of the leader migrating cells (Fig. 10, A-E) . Furthermore, Y27632 not only abrogated CXCL12-stimulated paracellular sealing during sheet migration but also increased the number and area between cells compared with both CXCL12-stimulated and unstimulated controls (Fig. 10, E-G) . Together, these data suggest that Src and ROCK-mediated F-actin accumulation regulates E-cadherin localization to the membranes of epithelial cells during CXCL12-stimulated sheet migration.
DISCUSSION
E-cadherin is known to play a key role in epithelial maintenance and enterocyte shedding within the murine intestine (30) . Moreover, mutations in Cadherin-1 (Cdh-1) have been linked with barrier weakness in patients with inflammatory bowel disease (6 -9) . In normal rat gastric mucosal cells, E-cadherin has been shown to be essential for sheet migration during wound healing (48) . However, the role for E-cadherin and the mechanisms regulating its functions in reparative migration responses in the small or large intestine remain unexplored. Our data establish a model wherein CXCL12-increased cell-cell adhesion corresponds with decreased wound size and reduced paracellular permeability, minimizing the potential for noxious environmental stimuli to cross the wound.
Examination of barrier integrity and restitution in experimental mice was restricted to analyzing those with the heterozygous deletion of epithelial E-cadherin as homozygous epithelial knockout results in a neonatal fatal phenotype. Initial morphological characterization of the intestine revealed increased crypt branching, a finding similar to that previously noted in N-cadherin mutant animals (49), p120catenin-deficient mice (50) , and APC(Min) mice (51) . Subsequent work using an inducible Cre mouse indicates that targeted deletion of . Increased E-cadherin protein levels in CXCL12-stimulated migrating cells. A, of TGF-␤1 (5 ng/ml) stimulation decreased E-cadherin protein levels within confluent IEC-6 monolayers compared with unstimulated monolayers after 20 h. CXCL12-stimulated (20 ng/ml) monolayers were not significantly different compared with unstimulated monolayers. B, quantification of the immunoblot analysis of E-cadherin from the unwounded IEC-6 monolayer treated with CXCL12 and TGF-␤1 normalized to unstimulated E-cadherin protein level (Unstim). Values are mean Ϯ S.E. from four experiments. **, p Յ 0.01. C, CXCL12 stimulation increased E-cadherin protein levels within the migrating subcell population 20 h after wounding compared with unstimulated cells, whereas no significant difference was observed within the stationary subcell population. D, densitometry of E-cadherin from total protein lysates of the stationary and migratory subpopulation of wounded IEC-6 treated with CXCL12. Values are mean Ϯ S.E. of four experiments. **, p Յ 0.01. E, TGF-␤1 stimulation decreased E-cadherin protein levels within both the stationary and migratory subcell population 20 h after wounding compared with unstimulated cells. F, quantification of the immunoblot analysis of E-cadherin from total protein lysates of the stationary and migratory subpopulation of wounded IEC-6 treated with CXCL12. Values are mean Ϯ S.E. of four experiments. *, p Յ 0.05; **, p Յ 0.01. E-cadherin from epithelial cells results in marked inflammatory responses, disruption in organized enterocyte migration and increased bacterial translocation into mucosal tissues (52) . In agreement with that report, we noted that in vivo two-photoninduced micro-lesion of the intestinal epithelium invoked an increased rate of cell detachment from the intestinal epithelium of E-cadherin knockout mice compared with controls. These latter data are consistent with the notion that cells were less faithfully attached to each other and support previous data from N-cadherin mutant animals in which crypt-villus migration rates were increased (49) . Additionally, we found that genetic depletion of E-cadherin using RNAi or pharmacological blockade using EGTA similarly reduced baseline restitution, suggesting a significant role for E-cadherin in epithelial sheet migration. Cumulatively, data from these in vivo and in vitro experiments reveal a critical role for E-cadherin not only in maintenance of the epithelial barrier but, significantly, in the repair and likely restoration of barrier functions.
Studies of E-cadherin in migrating cells have focused largely on its roles in development as well as its disassembly during neoplasia (23, 53) . The currently accepted model of cell migration postulates that depolarization of intestinal epithelial cells surrounding the wounded area results in the adoption of a migratory phenotype akin to mesenchymal cells. This process has been categorized as a partial epithelial-to-mesenchymal transition (EMT) (54, 55) . EMT is correlated with the increased expression and responsiveness to TGF-␤1 and is tightly linked with transcriptional repression of E-cadherin, resulting in diminished cell-cell adhesiveness and a promigration phenotype (56) . Given that EMT is promoted through the down-regulation of E-cadherin and the concordant increase in N-cadherin (34), we postulated that TGF-␤1-induced migration reflected induction of an EMT phenotype during restitution. In agreement with that notion, TGF-␤1 decreased total protein level and was ineffective in altering membrane localization of E-cadherin during restitution. However, N-cadherin levels were unchanged following epithelial wounding or stimulation with either CXCL12 or TGF-␤1. The absence of alterations in N-cadherin protein levels suggests that intestinal epithelial cells surrounding the wound may depolarize and migrate in an intermediate EMT phenotype absent of ''cadherin switching'' (57) . Thus, the cellular mechanisms whereby TGF-␤1 decreases the space between cells during restitution are independent of homotypic adherens junction proteins characteristic of EMT.
Studies of intestinal restitution focus predominantly on the mechanisms regulating constitutive cellular movement. Although an array of extracellular mediators accelerates restitution, it remains to be seen how redundancy in extracellular effectors orchestrate beneficial responses. Ongoing studies in our laboratory reveal that chemokines are distinct from estab- lished TGF-␤1 in the mobilization of intracellular calcium (20, 21) , suggesting that redundancy in extracellular mediators is correlated with activation of parallel signaling pathways. Wounded IEC-6 monolayers treated with CXCL12 and TGF-␤1 both increased paracellular sealing within migrating sheets. Consistent with our previous work showing comparable CXCL12 effects and regulatory mechanisms in multiple model epithelia, we found that CXCL12 regulated paracellular tightening and barrier functions in both IEC-6 and Caco2 BBE cells (18 -21, 28) . Further, we demonstrated that CXCL12 stabilized E-cadherin localization at cell-cell junctions while simultaneously increasing overall levels of protein within actively migrating epithelia. CXCL12 stabilization of membrane-localized E-cadherin during migration further suggests that down-regulation of cell-cell adhesion is not the major determinant in acquiring a migratory phenotype for intestinal epithelial cells.
CXCL12-CXCR4 activation concomitantly increased F-actin accumulation and E-cadherin localization to the cell membranes of adjacent migrating cells. These data are consistent with our previous work and suggest that G-protein coupled receptor-mediated F-actin signaling may play a key role in E-cadherin organization during restitution (19) . Stable E-cadherin anchorage to the F-actin cytoskeleton is well characterized (58 -60) . It is understood that the interaction between E-cadherin at the cell membrane and peripheral cortical F-actin stabilizes the adherens junction and, hence, cell-cell adhesion (44 -47) . Several reports, however, argue that interactions between the F-actin cytoskeleton and adherens junction pro- teins are more dynamic than previously modeled. For example, ␣-catenin may not be the sole linker between E-cadherin and the F-actin cytoskeleton (61) . Further, different diffusion rates between adherens junction proteins and cortical F-actin argue against static E-cadherin to F-actin anchorage (59) . We have shown using CytoD and Y27632 inhibitors that CXCL12-induced localization of E-cadherin depends upon F-actin polymerization. Efforts to disrupt E-cadherin-based cell-cell adhesion with CytoD have shown that within transient and initial cellcell contacts, E-cadherin localization to cell membranes are CytoD-sensitive (62) . However, within established confluent monolayers, CytoD inhibition of F-actin polymerization had a minimal effect on E-cadherin localization to sites of cell-cell adhesion (63) . Consistent with that work, our data show that although CytoD treatment had a minimal effect on E-cadherin localization within stationary cells, inhibition of F-actin polymerization disrupted E-cadherin localization within migrating cells. Cumulatively, our data support a model wherein cell-cell adhesion during collective sheet migration is dynamic.
Our studies, along with others, illustrate a complex signaling circuit involving cadherin-based cell-cell adhesion and RhoA/ ROCK activation (64, 65) . In our studies, we used a dose of the ROCK inhibitor we have established previously to prevent CXCL12-induced migration without significantly impacting basal migration (19) . With this level of ROCK inhibition, we determined that although cell migration was unimpaired, the number and size of the gaps between cells were increased significantly. The increased incidence of gaps within the collectively migrating sheet is comparable with that observed with EGTA treatment and supports a link between RhoA/ROCK and E-cadherin-dependent cell adhesion during restitution.
Further support for this model stems from a recent conditional knockout study showing a loss of adherens junction formation in the absence of RhoA (66) . Similar sheet migration defects, such as loss of cell-cell adhesion, were seen during zebrafish gastrulation or in actin-depolymerizing factor cofilin knockout mice (67) . Further deletion and knockdown studies of zyxin, a key regulator of actin assembly, decreases the rate of E-cadherin-mediated adhesion and closing of small circular wounds (68) . Taken together, these genetic studies dovetail with our pharmacological inhibitor data and support a model in which RhoA and ROCK coordinate E-cadherin localization during sheet migration.
CXCL12-and TGF-␤1-stimulated restitution reflects intracellular calcium-dependent and calcium-independent signaling pathways (20, 21 ) that intersect to increase F-actin formation and drive restitution. However, although both stimulants reduced the macroscopic number and size of the paracellular space between migrating sheets, only CXCL12 effectively increased barrier function, as shown by increased transepithelial resistance. Together, these data indicate a further sealing between neighboring intestinal epithelial cells at a molecular level that is regulated largely by the G-protein-coupled chemokine receptor. Cumulatively, our data demonstrate that E-cadherin plays a key role in basal and inducible restitution. We postulate that restitution likely reflects epithelial "pulling" via strengthened adherens junctions between cells. The ability of CXCL12 to stabilize E-cadherin localization resulted in a functional tightening of the barrier and may be unique relative to other growth factor restitution motogens in the coincident tightening of barrier integrity with active migration to cover the denuded surface.
Therapeutic strategies to improve epithelial repair in human intestinal disease are largely focused on decreasing the motility of damage-inducing immune cells into the inflamed mucosa (24) . With this work, we demonstrate a critical role for E-cadherin in restitution and indicate that in contrast to growth factors, adherens junction remodeling is preferentially regulated by chemokines. Our study is the first to show that an increase in total protein level and localization of E-cadherin corresponds to an increase in collective cell migration and barrier integrity in restitution.
